Photolysis of (^4-diene)Cr(CO) 4 complexes (diene = butadiene, trans,trans-2,4-hexadiene, 2,3-dimethylbutadiene) in Ar, N 2 , and CO matrices at 10-12 K was monitored by infrared and UV-Vis spectroscopy. In argon and dinitrogen matrices loss of CO ist the predominant photoreaction. The resulting fac-(rf-diene)Cr(CO) 3 can take up N 2 from the matrix to form (?7 4 -diene)Cr(CO) 3 (N 2 ). In the case of the hexadiene complex this process requires matrix annealing subsequent to photolytic loss of CO. Photolysis in CO matrices, by contrast, results in stepwise displacement of the diene ligand, yielding (/7 2 -diene)Cr(CO) 5 and ultimately Cr(CO) 6 .
Introduction
The photocatalytic c/s-l,4-hydrogenation of conjugated dienes with Cr(CO) 6 as the catalyst precursor [1] has been proposed to involve the initial formation of (?7 4 -l,3-diene)Cr(CO) 4 [2] . Yet, when complexes of this type were isolated it was found that further photolysis is required to achieve catalytic activity [3] . Two different primary photoreactions have been discussed [4] : displacement of CO and (partial) detachment of the diene. However, any definite proof for either of these two processes has been missing so far.
We have already reported [5] on the analogous reactions of (?7 4 -l,3-diene)Fe(CO) 3 complexes in low-temperature matrices. Our recent interest in the photochemistry of group VI organometal carbonyls [6] led us to extend these investigations to (rfdiene)Cr(CO) 4 complexes.
Experimental

(?7
4 -butadiene)Cr(CO) 4 (la) and {rf-trans, trans -2,4-hexadiene)Cr(CO) 4 (2a) were prepared according to the literature [3 a] . (/7 4 -2,3-dimethylbutadiene)Cr(CO) 4 (3a) was prepared analogously.
Details of the equipment used in our low temperature matrix isolation studies have been described previously [5, 7, 8] Klotzbücher. Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0340-5087/85/0400-0518/S 01.00/0 ferred under argon, were deposited from a 7-mmdiameter glass tube (with valve) held at constant temperature by a Peltier element assembly. When not depositing the sample tube was kept at <-25 °C. Evaporation temperatures (la: -12 °C; 2a: -2 °C; 3 a: -18 °C) were established by pre-deposition onto a quartz crystal mounted in good thermal contact to the side of the cold target window holder [8] normally held at 10-12 K. In general a dilution of 1:1000 was attempted.
In most of the experiments a Perkin-Elmer 3600 Data station was used to control and record the spectra of the Perkin-Elmer 580B infrared and the Perkin-Elmer 320 UV-Vis spectrometers. Visible radiation from the Nernst glower of the infrared instrument [9] was removed routinely by an Oriel germanium filter. Narrow band (13 nm) UV-Vis irradiation was achieved by a combination of a 900 W Xe -Hg lamp with a Kratos-Schoeffel GM 252-1 monochromator whereas for broad band irradiation the light of a Philips HPK 125-W Hg lamp was passed through the appropriate Schott cut-off filters.
Results and Discussion
Irradiation of (rj 4 -l,3-diene) Cr(CO) 4 complexes in argon and dinitrogen matrices Fig. 1A displays the characteristic four bands [10] of the CO stretching vibrational pattern of (rj A -butadiene)Cr(CO) 4 (la) isolated in argon at 10-12 K. The four strong absorptions, with shoulders caused by matrix splitting, appear in argon at 2047, 1983, 1954 , and 1941 cm" 1 and shift only slightly in different matrix materials (Table I ). The electronic absorption spectrum (Fig. IE) exhibits a dis- tinct maximum at 318 nm on the tail of a band centered at shorter wavelength.
Upon irradiation at 289 nm or 313 nm the original four CO stretching bands of la diminish and two new absorptions grow in at 2009 and 1894 cm -1 together with a weak band at 2139 cm -1 associated with matrix-isolated ..free" carbon monoxide (Fig. IB) . Furthermore, the intensity of the band at 1954 cm -1 relative to the other three absorptions of the starting material la suggests that a third new CO stretching band might be hidden beneath the 1954 cm -1 feature. Indeed, this is clearly borne out by computerassisted subtraction of the spectra (Fig. 1C) . Concomitantly with the changes in the IR spectrum the 318 nm absorption of la in the UV-Vis spectrum disappears while a new band grows in at 500 nm (Fig. IF) .
As the intensity ratio of the new infrared bands remains constant throughout a series of irradiations and their growth parallels that of the new 500 nm electronic absorption, these features are attributed to the same species, designated lb. Subsequent longwavelength irradiation (491 nm) or annealing to 30 K results in partial recovery of la at the expense of lb and "free" carbon monoxide (Fig. ID and  1 G) , a clear indication that the photochemical generation of lb involves merely the loss of one CO ligand, apparently not affecting the (// 4 -butadiene)-chromium moiety. Hence we identify the new species lb as (?; 4 -butadiene)Cr(CO) 3 . Furthermore, we note that the three CO stretching vibrational bands are of comparable intensities. With regard to the structure of lb this indicates fac rather than mer geometry of the M(CO) 3 skeleton, since in the latter case one would expect the totally symmetric high-frequency CO stretching vibration to be significantly less intense than the other two bands [11, 12] . The photolytic detachment of an axial CO ligand is in accordance with observations by Darensbourg et al. [13] , who found that photoinduced CO/ 13 CO exchange in (norbornadiene)M(CO) 4 4 -/ L ra/25,rrfl/z5-2,4-hexa-diene)Cr(CO) 4 (3a) yields the/flc-(/; 4 -diene)Cr(CO) 3 complexes 2b and 3b, respectively (Table I) .
Having established that the photochemically generated vacant coordination site is in an axial position, it is of interest to monitor if and how the coordinatively unsaturated species reacts with a ligand from a potentially reactive matrix environment, such as dinitrogen.
The spectra of the complexes la, 2a, and 3a in N 2 matrices at 12 K in the infrared and UV-Vis regions are. with minor band shifts, identical with those in argon matrices (Table I . Fig. 2 A and 2C) . Irradiation of la in a N : matrix, up to 1 min at 313 nm or up to 90 min at 435 nm into the tail end of the absorption (Fig. 2C) , results in the formation of (// 4 -butadiene)Cr(CO) 3 N : (lc). as indicated by the liber- (Fig. 2B) . Again, the CO band intensity pattern is in agreement with a /ÖC-M(CO) 3 skeleton, i.e. the N 2 ligand occupies an axial position. In the UV-Vis spectrum the dinitrogen complex lc exhibits a distinct strong absorption at 363 nm (Fig. 2D) together with a weaker feature at 438 nm. The corresponding 1:, N-labelled complex lc', generated in a ''Ni matrix, shows the expected shift to lower frequency of the dinitrogen stretching band (Table I) whereas the carbonyl pattern is not affected, indicating that coupling between the N : and CO stretching vibrations is negligible. Complex lc remains stable upon annealing to 30 K, but decomposes rapidly when irradiated into its characteristic absorption at 363 nm.
The analogous experiment with irradiation of the 2,3-dimethvlbutadiene complex 2a at 435 nm takes essentially the same course. However, in addition to (>7 4 -2,3-dimethylbutadiene)Cr(CO) 3 (N : ) (2c) as the major product the spectrum shows the presence of a significant amount of the primary photoproduct 2b. Upon annealing the matrix from 12 K to 25 K the latter species is quantitatively converted into the dinitrogen complex 2c. It is noteworthy that irradiation of 2 b into its long-wavelength visible absorption (Table I ) effected neither recovery of the starting material 2a nor conversion to 2c. However, short wavelength irradiation at 313 nm generates, at the expense of 2c, a further product in moderate yield, characterized by two infrared bands at 2185 and 1889 cm" 1 . We tentatively identify this species as (?/ 4 -2,3-dimethylbutadiene)Cr(CO) 2 [trans-( N 2 ) 2 ] (2e), assuming that the observed bands originate from the ö/m'-symmetric dinitrogen and carbonyl stretching vibrations. The symmetric dinitrogen stretching vibration, although formally not infrared forbidden, would be too weak to be observable. The symmetric carbonyl stretching vibration could not be identified unequivocally, although from the intensity changes in the infrared spectra it probably lies at 1940 cm"'.
Methyl substituents at the terminal diene positions effectively hinder the N : coordination subsequent to photodetachment of CO. Photolysis of (>; 4 -/ra/?5,/7-fl/2s-2,4-hexadiene)Cr(CO) 4 (3a) in a dinitrogen matrix at 10-12 K yields almost exclusively the coordinatively unsaturated (/; 4 -diene)Cr(CO) 3 complex 3b (Table I) ; the conversion approaches 60% upon irradiation at 334 nm but exceeds 90% at 365 nm. Under these conditions hardly any of the (f/ 4 -diene)Cr(CO) 3 (N : ) complex 3c (Table I) can be observed. Uptake of N 2 by 3b to form 3c requires annealing of the matrix to 20-25 K. At > 30 K an almost complete conversion is achieved within a few minutes. Subsequent irradiation of 3c into its distinct absorption at 365 nm leads in a clean reaction back to 3 b, /'. e., the thermally induced coordination of the N 2 ligand is completely photoreversible. Partial recovery of the starting material 3a (up to ca. 15%) can be accomplished by subsequent long-wavelength irradiation at 491 nm into the tail absorption of 3b.
Taking all the above into account we cannot definitely pinpoint the location of the dinitrogen ligand in one of the two axial positions. However, in view of the marked hindrance effect observed for the terminally substituted diene complex 3a we propose that the N 2 ligand enters the complex from "above", yielding 3c'. This would indeed be the direction from which one would expect H 2 to approach the metal in the course of the photocatalytic m-l,4-hydrogenation of conjugated dienes, alluded to in the introduction.
Irradiation of {rf-1,3-diene)Cr(CO) 4 complexes in carbon monoxide matrices
In contrast to the behaviour of (?/ 4 -diene)Fe(CO) 3 complexes [5] , none of the reactions of the chromium compounds carried out in argon or dinitrogen matrices gave any indication of metal-diene bond cleavage; detachment of CO seemed to be the only primary photoprocess. However, preliminary experiments in carbon monoxide matrices with broad band irradiation already indicated a surprisingly efficient photochemical conversion of the (// 4 -l,3-diene)Cr(CO) 4 complexes to form Cr(CO) 6 . By selective irradiation the particular steps of this reaction could now be elucidated.
Upon long-wavelength irradiation (A = 435 nm) into the tail of the absorption of (// 4 -l,3-butadiene)-Cr(CO) 4 (la) in a carbon monoxide matrix the CO stretching bands of this complex greatly diminish (Fig. 3 A) while two distinct bands grow in at 2078 and 1964 cm -1 together with a shoulder at 1957 cm -1 (Fig. 3B, Fig. 3C ). We assign these new features to the Aj, E, and A[ v(CO) vibrations of (// 2 -l,3-butadiene)Cr(CO) 5 (Id), based on comparison with the spectrum (Table I) Up to this stage only a trace of Cr(CO) 6 [v(CO) = 1987 cm -1 ] is formed. Furthermore, we find no infrared evidence for the presence of either (j] A -1,3-butadiene)Cr(CO) 3 (lb) or CO--Cr(CO) 5 [14] ; moreover, the characteristic electronic absorptions of these coordinatively unsaturated species at -500 nm and 457 nm [14] , respectively, are completely absent in the UV-Vis spectrum. 
Cr(C0)6
Id at 2078 and 1964 cm -1 . Accordingly, the UV-Vis spectrum at this stage exhibits a distinct maximum at 455 nm.
The behaviour of (j] A -trans, trans-2,A-hexadxene)-Cr(CO) 4 (3 a) in carbon monoxide resembles that of the butadiene complex la, yielding Cr(CO) 6 as the final photoproduct.
Experiments in CO-doped argon matrices show the photodetachment of both the diene and CO from (?7 4 -l,3-diene)Cr(CO) 4 complexes, i.e., the formation of Cr(CO) 6 and (^4-diene)Cr(CO) 3 (lb, 3b) can be observed simultaneously. Naturally, the relative amounts of these two products depend on the CO/ argon ratio.
Conclusion
Summarizing, the results of this study have shown that electronic excitation of (^4-l,3-diene)Cr(CO) 4 complexes results in detachment of both CO and the diene. However, the latter process becomes observable only in the presence of excess CO. Primary photodetachment of CO (and subsequent coordination of an incoming ligand) occurs selectively at one of the two axial positions, apparently the site adjacent to the "open" end of the 1,3-diene. Although one always should exercise caution when transferring low temperature matrix isolation results to solution photochemistry, it is gratifying to note that our results are in agreement with the stereoselective incorporation of 13 CO labels into (?/ 4 -norbornadiene)M-(CO) 4 upon irradiation in solution. Furthermore, the reported photocatalytic c/s-l,4-hydrogenation of 1,3-dienes could readily be explained by attachment of H 2 at this coordination site. It is difficult to comment on the relative importance of the alternative diene detachment route in solution as in our studies we can observe this process only in neat CO or heavily COdoped (10%) argon matrices. Support of this work by the Deutsche Forschungsgemeinschaft is gratefully acknowledged. We are indebted to Miss G. Deege for skilled technical assist-
